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exercise status in predicting frontal and temporal lobe function. This is the first report of the
interaction effects of exercise and neurotrophic factors on cognitive functioning. Herein, we
report preliminary evidence of the beneficial effects of regular aerobic exercise in improving
cognitive functions in teens. These beneficial effects are region-specific and are associated
with the serum levels of neurotrophic factors. Our findings lay the path for future studies
looking at ways to translate these beneficial effects to therapeutic strategies for adolescents.
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The beneficial effect of aerobic exercise (exercise) on human
cognitive functioning and mental well-being has been well
documented. Evidence on the positive effects of exercise in
protecting against age-related cognitive decline (Larson
et al., 2006) and mood disturbances (Trivedi et al., 2011)
has been consistent. In a meta-analysis, Colcombe and Kra-
mer (2003) suggested that exercise could improve the per-
formance of older adults on various cognitive tests,
particularly on tests of executive functioning. Consistently,
Smith et al. (2010) reviewed existing randomized-controlled
trials on the effect of exercise on cognition and concluded
that exercise was modestly effective in enhancing cognitive
functions, including executive functions and memory. While
there have been consistent findings on the beneficial effect
of exercise on promoting healthy aging, its effect on younger
populations has been equivocal (Guiney and Machado, 2013;
Verburgh et al., 2013). Some studies have reported that
regular exercise and better physical fitness were associated
with better selective attention in healthy adolescents (mean
age = 14.2 years) (Stroth et al., 2009), response inhibition in
school-aged students (13—16 years) (Budde et al., 2008), and
working memory in high school students (15—16 years)
(Budde et al., 2010). On the other hand, a recent meta-
analysis failed to identify any beneficial cognitive effect of
chronic exercise among adolescents, which might be related
to the small number of studies (Verburgh et al., 2013).
In parallel with increasing studies on the cognitive and
affective effects of exercise, there has been a quest for
knowledge regarding the neural underpinnings of the effect
of exercise (van Praag, 2009; Smith et al., 2010). Exercise
was previously considered in early literature as a part of an
enriched environment, which promoted neurogenesis and
cell proliferation in the dentate gyrus in mice (e.g. van Praag
et al., 1999). Recent studies have furthered our understand-
ing that exercise also affects the cerebral blood volume of
the dentate gyrus (Pereira et al., 2007) and enhances the
process of adult neurogenesis in the hippocampus (Kobilo
et al., 2011). Rats that were reared in an enriched environ-
ment had been offered the opportunity to exercise showed
increased cell proliferation and brain-derived neurotrophic
factor (BDNF) mRNA expression in the dentate gyrus (Bechara
and Kelly, 2013). Our recent animal studies (Yau et al., 2011b,
2012) examined the causal relationship between exercise
and neurogenesis and observed that exercised rats exhibited
enhanced neurogenesis in the hippocampus, and dendritic
remodeling in hippocampal neurons was facilitated. Coupled
with the neuronal changes induced by exercise, these rats
showed reduced depression-like behavior and enhanced
medial temporal function-spatial memory as measured by
their performance on the Morris water maze test. Anotheranimal study conducted by our group demonstrated neuro-
genesis in the frontal subventricular zone in mice (Lau et al.,
2011). These exciting findings prompted this current study
investigating the physiological and behavioral coupling of the
effect of exercise on cognitive affective functioning in
younger adults.
Neurogenesis in adult humans can be observed by studying
the peripheral levels of neurotrophic factors that influence
the development, proliferation, differentiation and regula-
tion of new cells in the brain, particularly in neurogenic brain
regions (e.g., dentate gyrus) (e.g. Cao et al., 2004). The
brain-derived neurotrophic factor (BDNF), insulin-like
growth factor 1 (IGF-1) and vascular endothelial growth
factor (VEGF) are three potential candidates proposed to
mediate the effects of exercise on the brain (Yau et al.,
2011a). BDNF and IGF-1 are suggested to be involved in the
regulation of exercise-induced benefits on hippocampal-
dependent learning (e.g., Vaynman et al., 2004). In addition,
IGF-1 and VEGF are involved in activating hippocampal neu-
rogenesis and angiogenesis; when peripheral IGF-1 and VEGF
are blocked, even after exercise, neurogenesis is suppressed
(Trejo et al., 2001; Fabel et al., 2003).
Previous studies on the relationship between exercise
and neurotrophic factors have been inconsistent. For
example, Heyman et al. (2012) observed that among young
adults who were exposed to intensive training in cycling,
their BDNF levels increased from baseline after a 60-min
exercise protocol. Positive associations between exercise
and BDNF (Yarrow et al., 2010), IGF-1 (Schwarz et al., 1996)
and VEGF (Kraus et al., 2004) have also been reported.
However, some studies have observed that exercise was
associated with a lowering of the level of these neuro-
trophic factors. For example, serum levels of BDNF were
found to negatively correlate with cardiorespiratory fitness
assessed using the maximal treadmill test (Jung et al.,
2011). Moreover, negative associations were reported
between exercise and BDNF (Currie et al., 2009), IGF-1
(Walker et al., 2004), and VEGF (Gu et al., 2004). These
neurotrophic factors might be potential mediators of exer-
cise and cognition; however, their relationship with exer-
cise remains unclear.
Extending our findings obtained in previous animal stu-
dies, this study verified the relationship between regular
exercise and cognitive performance in younger brains. To
the best knowledge of the authors, no existing study has fully
addressed the relationships between exercise dosage, cog-
nitive functions, and neurotrophic factors in human adoles-
cents, despite the promising data from recent adolescent
animal studies (e.g. Hopkins et al., 2011; Cetinkaya et al.,
2013). While human brain continues to develop from adoles-
cence through young adulthood, any factors promoting its
growth or preventing its deterioration in this critical period
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the health community.
In addition, the use of cognitive tasks that specifically tap
into the functions of the medial-temporal and frontal areas of
the brain showed that structural changes (neurogenesis)
induced by exercise (Smith et al., 2010; Voss et al., 2011;
Yau et al., 2011a) were employed in this study. Based on our
previous animal data (Lau et al., 2011; Yau et al., 2011b,
2012), we hypothesized that exercise was associated with a
significant better performance on cognitive tasks that
assessed frontal and medial-temporal lobe function, and
thus, the beneficial effect would not extend to functions
served by occipital regions. To understand the biochemical
underpinnings of the relationship between exercise and cog-
nitive functioning, we examined the relationship between
exercise and the serum levels of neurotrophic factors. We
hypothesized that exercise would correlate with the levels of
neurotrophic factors, and furthermore, while exercise
dosage is positively correlated with enhanced cognitive func-
tions (frontal and medial-temporal), such a relationship
could be further explained by the serum levels of neuro-
trophic factors.
2. Methods
2.1. Participants
A total of 91 healthy, right-handed, Cantonese-speaking
Chinese subjects participated in this study, which was
approved by the Institutional Review Board of the University
of Hong Kong. Written informed consent was obtained prior
to the study. Among these 91 participants, 45 of the subjects
were adolescent exercisers who engaged in regular exercise
and the other 46 matched-controls did not exercise regularly.
The exercisers were recruited from the Hong Kong Sports
Institute where they received intensive training on rowing,
swimming, running (>1000 m) or triathlon for at least two
months prior to this study. The controls were recruited from
the community using posters, e-mails and word of mouth. All
of the participants were screened for their health conditions
and exercise dosage. They were excluded if they had any
history of medical or mental conditions affecting cognitive
and/or emotional functioning. The exercise and control
groups were matched based on their intelligence, which
was measured using the Standard Progressive Matrices (Raven
et al., 2000), handedness as measured using the Lateral
Dominance Test (Harris, 1958) and affective state as mea-
sured using the Chinese Affect Scale (Cheng, 2004). Their
psychomotor speed was measured using the Finger Tapping
Test (Reitan and Wolfson, 1985) and set as a covariate in the
analyses.
2.2. Design and procedures
This study adopted a between-group design to compare the
cognitive functions and serum levels of neurotrophic factors
(BDNF, IGF-1 and VEGF) between exercisers and controls.
There was also a moderation analysis on the role of exercise
dosage on the relationship between the serum levels of
neurotrophic factors and the cognitive functions in all parti-
cipants. The participants were first briefed on the researchbackground and provided their written informed consent.
They then participated in the screening session and testing
session. All of the testing materials and instructions were
administered in the Chinese language. During the screening
session, the subjects completed measurements on their
demographics and health conditions, exercise dosage, emo-
tional status and intelligence. Eligible participants pro-
ceeded to take a blood test and then began the testing
session, which included cognitive tasks that tapped the
frontal and medial temporal lobe function. Two sets of test
orders were used to control for the ordering effect.
2.3. Measurements
2.3.1. Exercise dosage
Several measurements were used to assess the participants’
regular exercise habits. We used the leisure activities domain
score in the International Physical Activity Questionnaire
(IPAQ) (Chinese version) to measure the amount of exercise
dosage in the past year and the annual average since age 11
(Craig et al., 2003; Qu and Li, 2004). The total amount of
exercise dosage was calculated by multiplying the metabolic
equivalent (MET) score for the physical activity engaged, with
the time spent on that activity. Scoring details and calculations
were determined according to the IPAQ scoring protocol guide-
lines (IPAQ Research Committee, 2005). The Chinese version of
IPAQ also has satisfactory psychometric properties (Inter-class
correlation = .927) (Qu and Li, 2004). Among the exercisers,
their training duration in the Hong Kong Sports Institute and
the exercise training duration prior to entering the Institute
(for the same type of sport trained in the Institute) were also
measured as variables indicating their exercise dosage.
2.3.2. Serum levels of BDNF, IGF-1 and VEGF
A trained research nurse drew 3  200 ml of blood from the
participants to assess the serum concentration of BDNF, IGF-1
and VEGF. The serum concentrations of these factors were
assayed using the commercial enzyme-linked immunosorbent
assay (ELISA) kits (R&D Systems Inc., US).
2.3.3. Neuropsychological assessment
A battery of tests which were reported to be associated with
specific brain functions of the frontal and medial-temporal
lobe was administered to all of the participants on a one-to-
one basis. Specifically, the Stroop Color-Word Test (Stuss
et al., 2001), the Wisconsin Card Sorting Test (Stuss et al.,
2000), and the dual task (Baddeley et al., 1997) were tests of
cognitive processes subserved by the frontal lobe. The spatial
memory task and the spatial associative learning tasks were
tests of cognitive processes subserved by the medial-tem-
poral lobe (Howard et al., 2005). A control task tapping
occipital function (Boyntona et al., 1999) was also adminis-
tered to test for the specific neural effect of exercise.
1. The Stroop Color-Word Test (Lee and Chan, 2000) mea-
sured cognitive inhibition and control by requiring the
participants to inhibit the semantic interference intro-
duced by the semantic meaning of the color words. Three
subtests were administered, namely color dots, color of
non-color words, and color words that conflict with the
color in which they were presented. Reaction times (in
Exercise, neurotrophic factors and cognition 217seconds) for naming the stimuli were recorded separately
for these subtests. The interference score measured
cognitive control and inhibition was calculated by the
different reaction times in the color-dots vs. the color-
word conditions.
2. The computerized Wisconsin Card Sorting Test, WCST
(Heaton et al., 1993) measured cognitive flexibility by
requiring the participants to match 128 stimulus cards
with the corresponding target card in response to the
administrator’s feedback. The matching rule changed on
a predetermined order unknown to the participants.
3. The dual task measured multitasking by requiring the
participants to attend and respond to changes in the
parameter of circles (luminance) presented in the right
and left visual fields. There were 60 trials in this task. In
each trial, two circular fields presented concurrently on
the computer screen might change in luminance. The
participants had to attend to both circular fields. In each
circular field, the 1 s baseline luminance was followed by
the 1 s target luminance. The participants were required
to compare the target luminance level with that of the
previous one, and to respond if the two luminance levels
were different. Accuracy and reaction time were the
outcome indices.
4. The spatial memory task required the participants to
recall as promptly as they could on the spatial location
of the objects previously presented to them. There were
seven trials in this task. In each trial, the participants
were required to learn the spatial location of six target
boxes presented one after the other (3 s presentation
with a 0.5 s backward mask). Then, foil—target pairs
were presented, one at a time. The participants were
required to identify the correct targets from the foils.Table 1 The effect of between-group differences on demograph
Exercisers 
N 45 
Age (years) 16.49  2.04 
Sex (male) 29 
Body mass index 20.90  2.19 
Education (years) 10.78  2.00 
Handedness (LDT score) 5.42  1.41 
Psychomotor speed (FTT score)
Intellectual functioning (Raven score) 53.49  5.57 
Positive affect (CAS score) 35.09  7.19 
Negative affect (CAS score) 18.75  6.55 
Exercise
MET (previous year) 156.09  82.61
MET (annual average from age 11 years) 124.60  80.29
Neurotrophic factors
BDNF 64.80  45.92
IGF-1 99.71  20.20
VEGF 72.00  58.11
LDT = Lateral Dominance Test; FTT = Finger Tapping Test; Raven = Stand
bolic Equivalent of Task (vigorous activities); BDNF = brain-derived neur
endothelial growth factor.
* p < .05.
** p < .01.
*** p < .001.Accuracy and reaction time were the variables indicating
their ability in spatial recognition memory.
5. The spatial associative learning task measured spatial
associative memory by requiring the participants to
match the location of an object previously presented.
There were five blocks in this task. In each block, during
the learning phase, a number of objects were presented,
one at a time, in various locations on the screen (3 s
presentation with 1 s backward mask). After the learning
phase, each object was presented in the center of the
screen and the participants were required to point out
the correct location of the object. Accuracy and reaction
time were the outcome indices of this test.
6. The contrast discrimination task ascertained primary
visual cortex function by requiring the participants to
discriminate the luminance contrasts. There were 120
trials in this task. In each trial, a dot fixation was pre-
sented for 0.5 s. Then, two black-and-white checker-
boards were presented in a pair for 2 s. The
participants were required to judge which of the two
checkboards had a greater luminance contrast.
2.4. Statistical analysis
Independent sample t-test/x2-test was the first test used to
explore the baseline group differences, e.g., age, sex, body
mass index (BMI), intelligence, handedness, psychomotor
speed and emotional status. We then proceeded to compare
the effect of group differences on exercise dosage, serum
level of BDNF, IGF-1, and VEGF and cognitive functions with
the control of psychomotor speed using a one-way analysis of
variance model with the baseline differences controlled.
Correlational analyses (Pearson’s r) were used to assessics, blood and exercise variables.
Controls t or x2 p Value
46
16.78  2.04 0.686 .494
21 3.245 .072
20.29  2.48 1.248 .215
10.54  1.75 0.596 .533
5.74  0.53 1.427 .570
53.37  5.73 0.101 .920
33.24  6.32 1.293 .199
18.47  6.38 0.207 .837
 29.12  31.90 9.712 <.001 ***
 32.35  40.40 6.946 <.001 ***
 102.01  30.52 4.428 <.001 ***
 104.28  22.82 0.975 .332
 102.32  66.17 2.137 .036 *
ard Progressive Matrices; CAS = Chinese Affect Scale; MET = Meta-
otrophic factor; IGF-1: Insulin-like growth factor-1; VEGF: vascular
218 T.M.C. Lee et al.the relationship between the serum levels of neurotrophic
factors with exercise dosage.
Sequential regression analyses were used to test if the
exercise dosage interacted with the serum level of neuro-
trophic factors in affecting cognitive functions. The partici-
pants’ demographics were entered in the first step. Their
group assignment (exercisers versus controls) and serum levels
of neurotrophic factors were entered in the second step. Due
to co-linearity, BDNF and VEGF were centered (by subtracting
the group mean values). The last step included an interaction
term (exercise dosage  serum level of neurotrophic factors).
The outcome variables were the aforementioned variables for
the neuropsychological assessments. All of the statistical ana-
lyses were performed using the Statistical Package for the
Social Sciences software (IBM SPSS 19.0), and statistical sig-
nificance was determined by a p value < .05.
3. Results
3.1. Demographic variables
The exercisers and control subjects were matched in age,
sex, BMI, years of education, handedness, and intelligence as
well as positive and negative affect ( p > .05) (Table 1). We
then proceeded to compare the groups’ exercise dosage and
serum levels of neurotrophic factors. For exercise dosage,
the exercisers demonstrated a higher level of MET compared
to the controls in the previous year (t(89) = 9.712, p < .001)
and the annual average since age 11 (t(89) = 6.946,
p < .001). Six participants (4 exercisers) did not volunteer
for the blood test. The exercisers had significantly lower
levels of BDNF (t(83) = 4.428, p < .001) and VEGF
(t(89) = 2.137, p = .036). However, no significant group dif-
ference in the IGF-1 levels was observed ( p > .05).
3.2. Exercise and cognitive functions
The exercisers, relative to the controls, showed a much
better performance on cognitive tasks that assessed theTable 2 The effect of significant between-group differences on 
Exercisers (n = 45) Co
Frontal functions
FTT: Number of taps 61.09  4.66 5
Stroop: Dot (rt) 10.76  1.68 1
Stroop: Neutral word (rt) 12.12  1.90 1
Stroop: Color word (rt) 18.10  4.51 2
WCST: Accuracy 81.03  6.17 7
WCST: Number of trials 90.18  17.13 10
WCST: Conceptual response rate 0.77  0.09 
WCST: Non-perseverative error rate 0.10  0.04 
Medial temporal functions
SAL: Memory score 0.81  0.11 
SAL: Overall accuracy 0.87  0.06 
Stroop = Stroop Color-Word Test; rt = reaction time; WCST = Wisconsin
* p < .05.
** p < .01.
*** p < .001.frontal and medial-temporal lobe function. These findings
were not present when the contrast discrimination task
tapping occipital functioning was used (Table 2).
To control for the exercisers’ enhanced psychomotor
skills, the Finger Tapping Task was measured (t(89) = 3.66,
p < .001). Performance on the Finger Tapping Task was made
a covariate in the ANCOVA model. For tasks associated with
frontal lobe function, the exercisers demonstrated a better
performance in the Stroop Color-Word Test, including a
shorter reaction time in the neutral word conditions
(F2,90 = 7.443, p = .008) and color word conditions
(F2,90 = 4.424, p = .038). In the Wisconsin Card Sorting Test
(WCST), compared with the controls, the exercisers exhib-
ited a higher accuracy rate (F2,90 = 6.716, p = .018) used
fewer trials to complete the test (F2,90 = 7.098, p = .009),
made more conceptual responses (F2,90 = 4.900, p = .030)
and provided fewer non-perseverative errors (F2,90 = 8.918,
p = .004). No significant group difference was observed in the
dual task ( p > .05) though we saw a trend that exercisers had
higher overall than the controls.
The exercisers also performed better on the cognitive
tasks that were associated with medial-temporal functions.
In the spatial associative learning task, the exercisers had a
higher memory score (F2,90 = 6.712, p = .011) and accuracy
(F2,90 = 3.293, p = .016). No significant difference was
observed on the spatial recognition test though there was
a trend showing better overall accuracy among the exercise
group ( p > .05).
3.3. Relationships between exercise and
neurotrophic factors
The correlation coefficients among exercise and neuro-
trophic factors are presented in Table 3. Exercise dosage
in the previous year (MET-last year) correlated significantly
with a lower level of BDNF (r(85) = .293, p = .007). The
annual exercise dosage from age 11 (METafter 11) correlated
significantly with a lower level of BDNF (r(85) = .417,
p < .001) and VEGF (r(85) = .251, p = .028). Among thecognitive functions.
ntrols (n = 46) t or x2 p Value F p Value
4.43  11.29 3.661 <.001 ***
1.77  2.11 2.431 .017 * 3.661 .059
3.79  2.81 3.225 .002 ** 7.443 .008 **
0.40  5.93 2.075 .041 * 4.424 .038 *
7.38  7.37 2.414 .018 * 6.176 .015 *
0.20  18.37 2.538 .013 * 7.098 .009 **
0.72  0.10 2.274 .026 * 4.900 .030 *
0.13  0.05 2.664 .009 ** 8.918 .004 **
0.75  0.13 2.103 .038 * 6.712 .011 *
0.84  0.08 2.018 .047 * 3.293 .016 *
 Card Sorting Task; SAL = Spatial Associative Learning Task.
Table 3 Relationships between exercise and neurotrophic factors.
1 2 3 4 5 6
1. BDNF 1
2. IGF-1 .046 1
3. VEGF .461 *** .029 1
4. MET last year .293 ** .094 .149 1
5. MET after age 11 years .417 *** .162 .251 * .859 *** 1
6. Training in HKSI .317 ** .308 ** .169 .415 *** .400 *** 1
BDNF = brain-derived neurotrophic factor; IGF-1: Insulin-like growth factor-1; VEGF: vascular endothelial growth factor; MET = Metabolic
Equivalent of Task (vigorous activities); HKSI: Hong Kong Sports Institute.
* p < .05.
** p < .01.
*** p < .001.
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correlated significantly with a lower level of BDNF
(r(85) = .317, p = .003) and IGF-1 (r(85) = .308, p = .004).
3.4. The role of neurotrophic factors in the
relationships between exercise dosage and
neuropsychological assessments on frontal-
medial-temporal lobe functions
Moderation analyses showed that exercise significantly inter-
acted with neurotrophic factors in predicting an individual’s
performance in the neuropsychological assessments asso-
ciated with frontal and medial temporal lobe function.
For the task measuring frontal lobe function, the model
including the interaction term (BDNF  Group), which sig-
nificantly predicted a higher WCST conceptual response rate
(F9,75 = 2.163, p = .036, adjusted R
2 = .122) (Table 4). Both
BDNF (standardized regression coefficient, Beta = 1.175,
p = .004) and the interaction term, Group  BDNFTable 4 Predicting cognitive functions by demographic, group
between group condition and neurotrophic factors are shown.
SAL memory score 
Step 1 (standardized coefficient, Beta) 
Age .157 
Sex .089 
Intellectual functioning .196 
Education .047 
Positive mood .088 
Negative mood .177 
Step 2 (Beta) 
Group .282 *
VEGF .726 
Step 3 (Beta) 
Group  VEGF .813 *
R2 of the final model .223 
SAL = Spatial Associate Learning Task; WCST = Wisconsin Card Sortin
neurotrophic factor; VEGF: vascular endothelial growth factor.
* p < .05.
** p < .01.(Beta = 1.018, p = .010) were significant predictors of the
WCST conceptual response rate. In other words, among the
exercisers, each unit increase in BDNF will decrease the
WCST conceptual response rate but increase the same rate
among the controls (Fig. 1).
For medial temporal function assessment, the model
including the interaction term (Group  VEGF) significantly
predicted the memory score in SAL (F9,73 = 2.039, p = .049,
adjusted R2 = .114). While VEGF was not a significant pre-
dictor (Beta = .282, p = .061), Group  VEGF significantly
predicted the SAL memory score (Beta = .813, p = .039). In
other words, each unit increase in VEGF will result in a
greater increase in the SAL memory score of the healthy
controls than that of the exercisers (Fig. 2).
4. Discussion
The findings of this study indicated that regular exercise was
associated with better performance on the neuropsycholo- condition, and neurotrophic factors; the interaction terms
WCST conceptual
response rate
Step 1 (standardized
coefficient, Beta)
Age .376 *
Sex .018
Intellectual functioning .042
Education .359 *
Positive mood .227 *
Negative mood .078
Step 2 (Beta)
Group .059
BDNF 1.175 *
Step 3 (Beta)
Group  BDNF 1.018 **
R2 of the final model .228
g Test; Group = exercise or control group; BDNF = brain-derived
Figure 1 Scatter plots of the relationship between serum level of brain-derived Neurotrophic factor and conceptual response rate in
Wisconsin Card Sorting Test in the exercise and control group. BDNF = brain-derived neurotrophic factor; WCST = Wisconsin Card
Sorting Test.
220 T.M.C. Lee et al.gical assessment of some frontal and medial temporal lobe
function. In addition, we observed a negative correlation
between neurotrophic factors (BDNF and VEGF) and the
neuropsychological assessments related to cognitive func-
tions studied in the group of adolescent exercisers. Further-
more, this is the first report of an interaction between the
levels of BDNF and VEGF and exercise status may predict
performance in neuropsychological assessments associated
with frontal and temporal lobe function.
4.1. Cognitive tasks measuring frontal and
medial-temporal lobe function
Recent reviews (e.g., Guiney and Machado, 2013; Verburgh
et al., 2013) have raised concerns regarding the paucity of
studies that have examined the effect of regular exercise on
adolescent cognitive functions, particularly, executive
functions. The findings of the current study are timely and
fill an important gap in the literature. This study revealed
the association between chronic regular exercise and
enhanced performance in the neuropsychological assess-
ment of some frontal and medial-temporal lobe function
in adolescents. Specifically, adolescent exercisers pre-
sented with improved memory, inhibitory control, and cog-
nitive flexibility in task switching. Their superior
performance remained even after controlling for their
enhanced psychomotor speed compared to age-matched
controls. Interestingly, the observed beneficial cognitiveeffects were specific to only the tests ascertaining some
frontal and medial temporal lobe function. The performance
on the Contrast Discrimination task, which is subserved by
the occipital regions, did not reveal any group differences
between the adolescent exercisers and their matched con-
trols. Notably, we also did not observe a significant group
difference on the dual task (associated with frontal lobe
function) and spatial recognition tests (associated with
medial-temporal function), which might be related to the
power and sample size of the current study. While we see
trends showing better performance in the exercise group in
both tasks, we could not exclude the possibility that a larger
sample size may be able to detect the statistical difference
(if any). Alternative interpretations of these significant
results could be (1) there are different types of functions
subserved by the frontal lobe and they are not all necessarily
benefited by the effects of exercise. Accordingly, our data
may mean that divided attention (assessed by the dual task)
may not be related to the effects of exercise. Another
interpretation is that (2) recognition memory (assessed by
spatial recognition test) and associative memory (assessed
by spatial associative learning task) were indeed two cog-
nitive processes which were suggested to be associated with
different neural mechanisms (see Yonelinas, 1997). In this
way, the current data appeared to suggest that chronic
exercise would be associated with better performance in
neuropsychological assessments of associative memory, but
not recognition memory.
Figure 2 Scatter plots of the relationship between serum level of vascular endothelial growth factor (VEGF) and memory score in the
Spatial Associative Memory Task in the exercise and control group. VEGF = vascular endothelial growth factor.
Exercise, neurotrophic factors and cognition 221This study is one of the first human studies providing data
on the relationship among exercise, cognitive functions, and
neurotrophic factors in adolescents. Our data were consis-
tent with the findings in an adolescent animal study, where
exercise was associated with better performance in neurop-
sychological assessments, possibly through its relationship
with neurotrophic factors, e.g., BDNF (Hopkins et al., 2011)
and its neural effects on the hippocampus (Uysal et al.,
2005). Even though the design and sample of the current
study did not allow for conclusive comments on the effects of
age on cognition, exercise, and neurotrophic factors, future
research should further examine the relationship between
exercise and cognitive functions by considering possible
region-specific property as well as the influence of neuro-
trophic factors on this relationship.
4.2. Neurotrophic factors
Our previous animal findings (Yau et al., 2011b, 2012) adopt-
ing neurotrophic factors (BDNF and IGF-1) as outcome indi-
cators concluded that exercise could promote neurogenesis,
cell proliferation and dendritic remodeling in the medial-
temporal cortex. This study extended the findings of our
previous animal work to humans. Consistent with our hypoth-
esis, there is a significant correlation between the exercisedosage and serum concentration of the neurotrophic factors
studied. Interestingly, the serum concentration of the neu-
rotrophic factors was significantly lower in the adolescent
exercisers compared to their matched controls. This obser-
vation was consistent with findings in previous studies report-
ing that prolonged and extensive exercise training resulted in
decreased neurotrophic factor levels compared to matched
dormant subjects (Chan et al., 2008; Nofuji et al., 2008).
However, our findings contradicted some findings of specific
pre-clinical animal and human studies that reported a posi-
tive relationship between exercise and neurotrophic factor
concentrations (Cotman and Engesser-Cesar, 2002; Fabel
et al., 2003; Heyman et al., 2012).
The discrepant findings between this study and previous
studies may relate to the chronicity and intensity of the
exercise studied as well as other methodological discrepan-
cies, e.g., timing of the measurements of the serum neuro-
trophic factor. For example, most studies on the acute
effects of exercise on cognition measured the level of neu-
rotrophic factors immediately after exercise, although stu-
dies examining the effects of chronic/regular exercise on
cognition might measure the neurotrophic factor levels when
the subjects were at rest. Thus, Cho et al. (2012) recently
reported a dynamic relationship between exercise and cir-
culating neurotrophic factors in human adults. In individuals
222 T.M.C. Lee et al.with high levels of cardio-respiratory fitness, the relationship
between the cardio-respiratory fitness and BDNF was positive
when BDNF was measured immediately after exercise, but
the relationship was negative if BDNF was measured at rest.
Future studies comparing the concentration of neurotrophic
factors immediately after exercise and at the resting condi-
tion among regular exercisers may help to elucidate the
relationship between neurotrophic factors and exercise
dosage.
We observed significant associations between exercise
dosage and some neurotrophic factors (BDNF and VEGF),
but not IGF-1. One potential reason was that most of the
extant literature that finds a positive correlation between
exercise and IGF-1 made use of resistance training (e.g. Abe
et al., 2005; Hameed et al., 2003), while the current study
sample consisted of regular exercisers performing aerobic
exercise. In fact, with a human adult sample (n = 273),
Haydar et al. (2000) also did not find any significant correla-
tion between aerobic exercise capacity and IGF-1.
4.3. Interaction between exercise and
neurotrophic factors on cognition
Our findings have suggested that regular exercise might
interact with some neurotrophic factors in influencing the
performance on neuropsychological assessments associated
with specific frontal and medial-temporal lobe function. To
the best of our knowledge, this novel finding has never been
previously reported.
For assessments related to frontal lobe function, the ado-
lescent exercisers presented with superior cognitive flexibil-
ity, and exercise did interact with the BDNF level on cognitive
flexibility. Specifically, better cognitive flexibility was pre-
dicted in the exercisers with low BDNF levels and in the
sedentary controls with high BDNF levels. Furthermore, better
spatial associative memory was predicted by a high level of
VEGF in both the exercisers and controls, but the magnitude of
the effect was dependent on the exercise habits in which the
effect of VEGF on spatial associative memory in the sedentary
adolescents was significantly greater than that of the exerci-
sers. The current findings are unable to explain the mechan-
isms underlying these interaction effects. A previous animal
study has shown that prolonged exercise might have upregu-
lated the expression of hippocampal BDNF receptor: tropo-
myosin-related kinase B (TrkB), and thus increased the
sensitivity of these receptors (Liu et al., 2008). Future studies
may consider the phenomenon of altering receptor sensitivity
and/or other neural mechanisms as possible explanation of the
interaction effects observed in this study.
Previous human studies have shown that acute exercise
increases the levels of neurotrophic factors in healthy seden-
tary participants (e.g., Hopkins et al., 2012). This finding was
not replicated in this study, and we are unsure about the
reason for it. As previously mentioned above, existing studies
varied in the time of measurement of the serum levels of
neurotrophic factors. For instance, the exercise protocol
that measured the serum levels of neurotrophic factors
shortly or immediately after exercise tended to observe a
positive correlation (e.g., Heyman et al., 2012) while those
measuring these factors when the participants were at rest
did not show a similar result (e.g., Jung et al., 2011).4.4. Limitations
Several considerations should be noted in the interpretations of
the current findings. First, the sample of the current study may
limit the interpretation of the effects of exercise on frontal and
medial-temporal lobe function. While we selectively used
neuropsychological assessments of some specific frontal and
medial temporal lobe function, due to the constraint of the
testing time, we fully acknowledged that there was unexplored
frontal/medial-temporal lobe function which was tapped by
tasks not in the current study’s battery. However, the current
study provides a foundation for future studies to compare and
delineate the beneficial effects of exercise on different frontal
and medial-temporal lobe function. There may be concerns
regarding the collinearity between BDNF and VEGF. In our
adolescent sample, BDNF was found to be moderately corre-
lated with VEGF (r = .461, p < .001). This is consistent with
existing literature showing a positive correlation between
BDNF and VEGF in human adults. For example, Zhang et al.
(2000) have recently shown that VEGF secretion could be
stimulated by an increase in BDNF in human adults. While
collinearity between BDNF and VEGF might exist in the current
study, given that these factors were never entered as predic-
tors in any analyses, our findings were not likely to be affected
by multicollinearity.
5. Conclusions
The current study provides preliminary evidence supporting
the beneficial effects of regular exercise in improving cog-
nitive functions in the younger population. The beneficial
effects were region-specific and associated with the serum
levels of some neurotrophic factors. However, further studies
on adolescent and the younger brains are required to deline-
ate the effects, and the neurobiological mechanisms under-
pinning these effects, to create a model describing exercise
and its neurobiological effects. Such a model would be
extremely beneficial for guiding the use of exercise in pre-
ventative medicine to promote brain health.
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